We report a new scenario of time-of-flight (TOF) technique in which fast neutrons and delayed gamma-ray signals were both recorded in a millisecond time window in harsh environments induced by high-intensity lasers. The delayed gamma signals, arriving far later than the original fast neutron and often being ignored previously, were identified to be the results of radiative captures of thermalized neutrons. The linear correlation between gamma photon number and the fast neutron yield shows that these delayed gamma events can be employed for neutron diagnosis. This method can reduce the detecting efficiency dropping problem caused by prompt high-flux gamma radiation, and provides a new way for neutron diagnosing in high-intensity laser-target interaction experiments.
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I. INTRODUCTION
There has been a growing interest in laser-driven pulsed neutron sources, for their wide applications in fields like fundamental physics [1] , energy [2] , security [3] , and medical science [4] . One mechanism to generate ultra-short burst of fast neutrons is by interactions of laser-produced light ion beams with solid targets [5] [6] [7] [8] [9] [10] [11] [12] [13] . Neutrons can also be generated through nuclear fusions in laser-produced plasmas [14] [15] [16] or (γ, n) reactions [17, 18] . Diagnosing pulsed neutrons is not only prerequisite to optimization of these neutron sources for applications, but also an essential tool for understanding fundamental physics in plasmas [19, 20] . For example, in inertial confinement fusion (ICF) studies, plasma temperature and density distribution could be retrieved through the measurement of neutron yield and energy spectrum [21, 22] .
Several techniques have been adopted to diagnose fast pulsed neutrons, including neutron active analysis [23] , neutron track detector [24] , thermal neutron gas counter [25] , along with neutron TOF [26] , etc. In neutron active analysis, foils made from silver, indium, or copper are commonly employed for absolute neutron dosimetry [27] . However, due to its low detection efficiency, this method requires a minimum neutron yield of 10 5 per burst [28] . The same problem is encountered by nuclear track detectors like CR-39 [13, 20, 29] . Gas neutron counters (filled with 3 He and BF 3 etc.) usually employ external moderators to convert fast neutrons to slow neutrons. The neutron related signals are spread in a time span of hundreds of microseconds as the fast neutron slowing down. Due to gas detector's large pulse width (microseconds) and long dead time (tens of microseconds), it could have serious pile-up problem at high counting rate cases.
TOF technique plays a major role in neutron spectroscopy [30] . A TOF system usually consists of scintillators and fast photomultiplier tubes (PMTs), and could achieve high efficiency, as well as a good temporal response. Two serious issues emerge when TOF technique is employed in ultra-intense laser-plasma interactions, especially for solid targets. Firstly, laser-induced electromagnetic pulses (EMP) and gamma-rays may saturate the PMT and blind the detector for over hundreds of nanoseconds, making it difficult to recover neutron TOF signals within this temporal window. To reduce the orig-inal gamma shower, lead shieldings are prerequisite to cover the scintillator detectors [5] , which inevitably decreases the sensitivity. Most neutrons generated from laser-induced nuclear reactions are fast neutrons, which have an energy of hundreds of keV or higher. These fast neutrons arrive at detectors in hundreds of nanoseconds, when the PMT may not restore its sensitivity from the initial gamma-flash. Secondly, the pile-up effect caused by multiple neutrons at nearly the same time might drain the PMT voltage supply even though the detectors are operated in current mode [31] .
In this paper, we report a long-temporal-window TOF measurement. Two temporal structures are identified and correlated to the neutron production, which are fast neutrons and delayed neutron-capture gamma rays. We found a linear correlation between the fast neutron yield and the gamma-ray number, which provide a new way to diagnose laser-produced fast neutrons. The basic idea is similar to the gas counters in neutron moderators, while the pulse width for a scintillator is much smaller, giving a superior higher temporal resolution and consequently a higher counting rate limitation.
II. EXPERIMENTAL SETUP
The experiment was performed utilizing the PW laser system at the Shenguang II (SG-II) facility, in the National Laboratory for High Power Lasers and Physics, Shanghai, China. The laser wavelength was 1053 nm and pulse duration was 0.7 ps at full width at half maximum (FWHM). The beam was focused onto the target with a spot size of 70 µm at an angle of 23.8
• . The energy on target was 150 J in this experiment, giving rise to a peak intensity of 2.6×10
18 W/cm 2 . A pitcher-catcher scenario of target was adopted for neutron generation. The pitcher is a stainless steel (SS) foil with a thickness of 30 µm, and the catcher is a 0.9 mm-thick LiF with the transverse dimensions of 3 × 3mm 2 , located at 3 mm behind the pitcher. The schematic is shown in Fig. 1(a) . A single-layer 30 µm-thick SS was also employed for reference.
The spatial-intensity distributions of the accelerated protons were measured by stacks of radiochromic film (RCF). The energy spectra of the sampled beam were measured by a Thomson parabola spectrometer (TPS) with an acceptance angle of 1.57 × 10 −6 sr. Calibrated image plate (IP) was used as detector in the TPS.
Two types of TOF equipped with different scintillators were used for neutron detection. The first type is EJ-301 liquid scintillator with dimensions of 12.5 × π × (12.5/2) 2 cm 3 . The EJ-301 has excellent pulse shape discrimination (PSD) properties which allow to discriminate the neutrons from gamma-ray. Six of these scintillators were placed around the target along different directions and shielded with lead brick houses of either 10 cm-or 5 cmthick wall, respectively. The second type is two BC-420 plastic scintillators (10 × 10 × 40 cm
3 ), which were also shielded in 5 cm-thick lead. The decay time of BC-420 is 1.5 ns, which is reduced by a factor of two in comparison to EJ-301, giving rise to a higher temporal resolution. All the scintillators were coupled with fast photomultiplier tubes (PMTs), and the signals were recorded with oscilloscopes of 1 GHz bandwidth.
III. EXPERIMENTAL RESULTS AND DISCUSSION
The energy spectra and spatial-intensity distributions of protons from the reference target were measured. In Fig. 1(b) , the energy spectrum of protons sampled in a small solid angle by TPS is shown (red line), along with that of integrated whole beam recorded by the RCF stack (blue dots). Both of them have near exponential distributions and the maximum proton energy is about 21 MeV. Figure 1 sheath acceleration (TNSA) [32] . These protons then impinge onto the LiF target and induce nuclear reactions p + 7 Li → 7 Be + n. It has an energy threshold of 1.88 MeV and a notable cross-section up to 8 MeV. The cross-section of the reaction p + 6 Li → 6 Be + n for 6 Li (7.5% natural abundance), another stable isotope of lithium, is too low to make contribution in neutron generation.
Despite the differences in location and high-voltage setting for all the detectors, similar signal patterns were found. A good repeatability was also measured from shot to shot for similar laser and target parameters. A typical TOF signal recorded by one of the scintillators is shown in Fig. 2 . Figure 2(a) represents the overall signal ranging from 0 to 10 ms, while Fig. 2(b) is a section of Fig. 2(a) ranging from 0 to 16 µs.
It can be seen that the temporal waveform has four characteristic structures, labeled from (i) to (iv) in Fig. 2 It accounts for the copious bremsstrahlung photons generated at the time t = 0, i.e. the moment when the laser hits the target. Because the prompt radiation is too intense, the signal overrun the input voltage range of the oscilloscope. This dip could be reduced by the extensive lead shielding;
(ii) The signal dip at t = 0.3 µs with a width of 0.2 µs. This is the signal of fast neutrons with energies of 1−5 MeV, which are produced from the 7 Li(p, n) 7 Be reactions; (iii) The broad dip from 4 µ to 8 µs. This is overlapped with the leading part of structure (iv) which is attributed to the malfunction of the PMT. Due to the strong gamma photon shower at t = 20 ns, the current in the PMT circuit (especially between the last dynode and the anode) is very high, which makes the voltage between electrodes drops [33] . This broad dip structure is caused by the voltage recovery, and the dip width is determined by the electrode restore time;
(iv) The intense narrow discrete peaks from approximately 4 µs to 10 ms. The typical width is 10 ns. One zoom-in example of these peaks is shown in the inset of Fig. 2(b) . This type of signal has not been reported as far as we know. In the following, we will focus on it.
Signals of two PMTs coupled to a same plastic scintillator are compared. The results show that the timing and amplitude of the peaks from the two PMTs are well matched. This indicates that their signals are caused by incoming radiation events instead of false signals due to thermal noises of the PMT circuits.
When the reference target was used, i.e. shot without a LiF catcher, there remained a much smaller neutron background originated from (γ, n) reactions. The amplitude of structure (ii) reduces, and peaks in structure (iv) are scarce, while structure (i) and (iii) almost remain the same as shown in Fig. 2(c) . This suggests that structure (ii) and (iv) are correlated and (iv) is due to neutron generation.
A pulse shape discrimination (PSD) procedure was conducted to distinguish between gamma-rays and neutrons by analyzing the difference in their characteristic pulse shapes [34] . Pulses in structure (iv) were analyzed by defining a PSD parameter P = Q tail /Q total , where Q total and Q tail are the charge integration over the whole pulse and the tail part only, respectively [35] . The results (P versus Q total ) are shown in Fig. 3 as red crosses. To determine the respective parameter regimes for neutrons and gamma-rays, the detector was calibrated with a 252 Cf radiation source, with a same high-voltage setting as in the experiment.
252 Cf is a neutron emitter with strong gamma background, so that both neutrons and gamma-rays can be recorded and analyzed. The results are shown in black dots in Fig. 3 , in which one can see neutrons and gamma-rays are well distinguished with only a minor portion of overlap. It is clear that most of the pulses from structure (iv) are distributed in the gamma region. Therefore, we conclude that these pulses are predominately attributed to gamma-rays. A 137 Cs and a 60 Co gamma sources were further used to calibrate the detector, enabling the pulse amplitude to be converted into gamma-ray energy, by determining their positions of Compton edges in the response functions [35] . A peak-seeking algorithm was carried out to reconstruct the temporal and amplitude distributions of these delayed gamma-rays. The result is shown in Fig. 4(a) . The amplitude distribution is showin Fig.  4(b) . Gamma-ray signals with an amplitude greater than 0.82 V pile up at the maximum (corresponding to a gamma-ray energy of 6.2 MeV) due to the dynamic range of the oscilloscope. The temporal spectrum (Fig. 4(c) ) shows a double exponential decay feature, and can be fitted by function (red dashed line):
(1) It is theoretically possible that these gamma-rays are from radioactive isotopes or isomers directly created by the high-intensity laser. However, after searching the chart of nuclides for a candidate, we could not find a known isotope with a half-life of several tens of microseconds that fits in our experimental conditions.
On the other hand, fast neutrons generated by 7 Li(p, n) 7 Be reactions interact with the target chamber, air, as well as with the supporting infrastructures outside the chamber. After tens of scattering events, a neutron reaches thermal equilibrium with the atoms of the medium. As the neutron energy decreases, its capture cross-section increases. Considering that the life of a free neutron is approximately 10 minutes, almost all neutrons end up with being captured. The compound nucleus that has absorbed a neutron subsequently decays to its ground state with prompt emission of one or more characteristic gamma-rays [36] . The process could be formulated as Neutron capture cross-sections for some isotopes existed in our experimental environment are listed in Table. I. One of them 56 Fe + n → 57 Fe * has a fairly large capture cross-section. A considerable portion of the gamma-rays have energies of 6 − 8 MeV from the gamma spectrum of 57 Fe * decay (evaluated nuclear database [37] ). This is in agreement with our observation in Fig. 4(b) . The reaction of 1 H + n → 2 H * is another candidate where hydrogen also has a large neutron capture cross-section, and is widely distributed in the concrete infrastructures of the experimental hall. However, it makes no contribution to the higher gamma-ray energies, since the only gamma-ray line emitted by hydrogen neutron capture has an energy of 2.2 MeV [37] .
In the case of a point neutron source in an infinite moderator, the temporal profile of the neutron captures can be described by exponential functions [38] , whose slopes depend on the material and initial energy of the neutrons. In a real experiment, the geometry and materials can be very complicated. Therefore, we take a MonteCarlo (MC) toolkit Geant4 [39] to simulate the neutron transport and moderation under our experimental conditions. The geometry for simulation includes the main structure of the target chamber with an isotropic point neutron source at its center, diagnostic apparatus, along with large objects inside and outside the chamber, ceiling, floor, and walls of the experimental hall. Physics processes involved in neutron-matter interactions including elastic and inelastic scattering, neutron capture, are considered. The simulated temporal distribution of neutron captures (Fig. 4(c) ) agrees with the first parameter of the experimental data while it overestimates the second. We suspect that the disagreement may be a result of the simplification in MC geometry modeling.
To quantitively investigate the correlations of the number of radiative capture gamma-rays and the fast neutron yield, we conducted another neutron-generation experiment. In this particular experiment, two sets of laser beams were used, each delivering 4×250 J energy onto two targets separated by 4.4 mm. Each target has a 0.5 × 0.5 mm 2 copper base and was coated with 10 µm thick deuterated hydrocarbon (CD) layer. Each laser had a typical pulse width of 1 ns and a focal spot diameter of 150 µm. Ablated plasmas expand and collide with each other in the middle area between the targets, inducing D(d, n) 3 He reactions, and generating monoenergetic neutrons with an energy of 2.4 MeV. Similar liquid and plastic scintillation detectors were used for neutron detection. A detailed description of the experiment can be found in Ref. [40] . Comparing with picosecond-duration laser driver, backgrounds caused by bremsstrahlung gammaray bursts and EMP noise in nanosecond pulse lasers are much smaller. Thus the neutron yields can be determined more accurately.
The dependence of the number of delayed gamma-rays N γ and the neutron yield N n is shown in Fig. 5 . One can find a linear relationship between N γ and N n . The Linear fitting correlation coefficient is R = 0.951. A slight underestimation on N γ for the small neutron yield was observed. This may be due to the insufficient statistic of the gamma-ray numbers and the large uncertainty of the neutron yields. With these results, we conclude that N γ can be seen as a prompt and convenient parameter for the estimation of the fast neutron yield. 
IV. SUMMARY
In summary, delayed discrete gamma-rays with energies of MeV level were observed in a time window from several microseconds to milliseconds using a TOF diagnostic. The number of gamma-rays has a linear correlation with the fast neutron yield on a shot-by-shot basis. A diagnostic of pulsed fast neutrons can benefit from measuring the thermal neutron related gamma-rays with commonly used TOF systems. Fast neutron signals from a scintillation detector in high-intensity laser experiments are often obscured by bremsstrahlung X-rays and EMP interference, while delayed (n, γ) signals provides a quick reference on whether or how many neutrons are generated. Because these gamma signals are separated temporally with the initial X-ray and EMP bursts. High sensitivity and signal-to-noise ratio is expected by detecting both fast and thermal neutron related signals with the same detector.
This method can also be used in other fundamental physics studies under extreme conditions which cannot be provided by conventional accelerators. For instance, in a hot and dense plasma produced by high-intensity lasers, new nuclear excitation states, isomers, and other exotic atomic states can be created but difficult to detect [41, 42] . The method shown here can detect those states with lifetimes in the range from about 100 ns to 1 s.
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